original observations in tree shrews, 8 macaques, 9 and chicks, 10 many investigators have used form deprivation myopia as the paradigm to examine the mechanisms of eye growth control.
In primates, form deprivation myopia has been produced by lid suture , 9, [11] [12] [13] translucent diffusers (also called occluders) mounted over the eye, 14 or diffusing lenses, with various degrees of transmission. 15 Although axial myopia is the most frequently reported result of form deprivation in primates, the susceptibility clearly differs between individuals in all studies, and responses other than myopia have occasionally been noted. Lid suture in primates produces axial hyperopia in some individuals, 11, 12, 16 and, in other studies, myopia was induced in some animals after a brief period of form deprivation that initially resulted in hyperopia from a combination of corneal flattening and reduced axial length. 13, 15 Similar findings have also been reported in tree shrews, 17 a species considered to be closely related to primates.
Most studies in which form deprivation has been used for experimental manipulation of eye growth in primates have been performed on neonates or immature subjects. In general, more myopia is produced faster in younger animals, 6 but recent studies have shown that mature subjects are also susceptible to form deprivation myopia, although it is reduced in magnitude compared with that in neonatal primates. 18, 19 This finding leads to the questions of how the eye-growth response characteristics change with age and whether different mechanisms are involved at different ages. In this study, we examined the effects of form deprivation by using diffusers in marmoset monkeys across a range of ages of Ͻ200 days, which spans the phase of rapid ocular growth from young juvenile through prepubescent animals. Some of the results presented herein have been published in a preliminary report (Troilo D, et al. IOVS 2002; 43 :ARVO E-Abstract 186).
In addition to studying the effects of form deprivation as a function of age, we examined the possibility of recovery from experimentally induced myopia in marmosets. Recovery from form deprivation myopia may involve the same visual guidance mechanisms that result in emmetropization during normal development and in compensation for defocus produced by spectacle lenses, although other factors related to the size and shape of the eye may also be involved. 20 -22 Furthermore, recovery does not occur consistently in primates. Lid-sutureinduced myopia in macaques 12, 23, 24 and marmosets 13 persists well after the end of the period of visual form deprivation. However, this appears to be related to the lid-suture manipulation. Form deprivation myopia produced with diffusers shows recovery after the deprivation is discontinued in tree shrews 25 and macaques, 24, 26 and preliminary studies using form deprivation diffusers in marmosets reported recovery in some animals 13 (Troilo D, et al. IOVS 2000; 41: ARVO Abstract 691).
In this article we characterize the various responses and effects of age on form deprivation myopia in a New World primate, the common marmoset. Our results suggest that age and the maturity of the eye and visual system may alter visually guided eye growth. This study also provides a guide for studying form deprivation myopia in marmosets at different ages and will be useful for additional studies in this species examining the mechanisms of eye growth control, including lens-induced refractive changes in which the experimental manipulation of vision allows some degree of feedback control.
METHODS
Twenty-four common marmosets (Callithrix jacchus) were used in the study. All animals were bred and housed in family groups in our animal facility. Artificial lighting was provided by daylight-balanced fluorescent lamps (Durotest; Vita-Light, Philadelphia, PA) on a 12-hour lightdark diurnal cycle. Temperature was maintained at 75 Ϯ 2°F with 45% Ϯ 5% humidity. Food and water were provided ad libitum within the animal's home cage. Food consisted of a formulated dry pellet (Mazuri New World Diet 5MA5; PMI Feeds, Richmond, IN) with regularly varied supplements of fresh fruit and protein. All animals in our facility are given regular access through a flexible 4-m-long tubular run to a remote activity cage containing large branches for climbing and a variety of toys for enrichment purposes. The home cages contained a nest box, perches, and branches for climbing. All animal care and work FIGURE 1. Axial length in untreated marmoset eyes as a function of age. A locally weighted curve fit with a 50% smoothing factor was used to illustrate the axial length growth curve. The three age groups corresponding to the ages of the experimental marmosets examined in this article are indicated for comparison. The average growth rate clearly diminished from group 1 through 3. The average rate of axial growth for untreated eyes in each group was estimated by linear regression.
FIGURE 2.
Correlation of interocular refractive difference (experimental minus control eye) with interocular difference in vitreous chamber depth. The change in vitreous chamber depth relative to the control eye was a strong predictor of the change in refractive state (ANOVA, P Ͻ 0.01).
FIGURE 3.
The average effect of form deprivation by diffuser, grouped by age of onset. The mean differences (u) between experimental and contralateral control eyes (experimental minus control; E, individual data points for each group) at the end of the deprivation period. The differences are plotted for refractive error (top) and vitreous chamber depth (bottom). For refractive errors, individual data points below 0 indicate more myopia in the experimental eye. Points above 0 on the vitreous chamber plot indicate that the experimental eye was longer than the control eye. The differences in the interocular refractive error and vitreous chamber depth between groups were significant (ANOVA, P Ͻ 0.01). Group 1 (earliest age of deprivation onset: between 0 and 40 days of age) shows significant interocular differences indicative of form-deprivation-induced axial myopia, whereas the interocular differences in groups 2 and 3 do not, because of the variability in the individual responses.
performed in this study conforms to U.S. Department of Agriculture standards and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Monocular form deprivation was induced in all subjects with fullfield, white translucent hemispheric diffusers (also called occluders) identical with that used in several studies of myopia in chicks. 1, 10, 27 The contralateral eye was left untreated and served as a control in all animals. The marmosets were randomly sorted into three groups by their age at onset of form deprivation: Group 1 (n ϭ 6) began visual deprivation between 0 and 39 days of age (mean age at onset, 27 Ϯ 10 days), for a mean duration of 32 Ϯ 3 days. Group 2 (n ϭ 10) began the deprivation between 40 and 99 days of age (mean age at onset, 58 Ϯ 19 days), for a mean duration of 56 Ϯ 14 days. Group 3 (n ϭ 8) began the deprivation between 100 and 200 days (mean age at onset, 158 Ϯ 32 days), for a mean duration of 51 Ϯ 19 days. Figure 1 shows the axial lengths of eyes in 181 binocularly untreated marmosets as a function of age (both eyes plotted with some repeated measures at different ages) and illustrates the axial growth rates of cohorts in the three experimental groups during the experimental manipulations. The rates of growth in the untreated eyes in the corresponding groups were determined from linear regression (group 1 ϭ 0.043 mm/d, r ϭ 0.803; group 2 ϭ 0.022 mm/d, r ϭ 0.812; and group 3 ϭ 0.007 mm/d, r ϭ 0.678). According to the postnatal stages defined by Missler et al., 28 group 1 represented infancy in marmosets and spans a period of rapid postnatal ocular growth. Group 2 included juvenile marmosets, in which the rate of eye growth was appreciably slower. In group 3, eye growth was slowest; this age corresponds to adolescence in marmosets. Sexual (but not social) maturity occurs at ϳ300 days in marmosets. Some eye growth remained for the animals in group 3. (For a study of deprivation effects in mature marmosets, see Ref. 18.) Ocular measurements were performed on the experimental and control eyes of all marmosets before the onset of deprivation and several times during and after the deprivation period, to monitor the change in refractive error and the ocular components. All measures were performed 1 hour after 2 drops of 1% cyclopentolate was applied to achieve cycloplegia. Refractive state is given as the spherical equivalent averaged from retinoscopy and Hartinger refractometry. Refractions from one eye from each of a separate group of 41 randomly selected animals (mean age, 117 days; range, 23-331 days; range of refractive error: Ϫ9.6 to ϩ10.6 D) were used to determine measurement repeatability. Using the statistical method to determine the reliability of repeated measures originally described by Bland and Altman 29 and adopted for use in ocular measures by Zadnik et al., 30 the 95% confidence interval for agreement between repeated refractions was Ϯ1.5 D (mean Ϯ SD difference between repeated measures, Ϫ0.3 Ϯ 0.8 D). Corneal curvature was averaged from three or more measures from an infrared videokeratometer. 31 The 95% confidence interval for repeated measures was Ϯ0.027 mm (mean Ϯ SD difference between repeated measures, 0.0 Ϯ 0.014 mm). The vitreous chamber depth of the eye was measured with high-frequency A-scan ultrasonography (for details, see Ref. 32 ). The 95% confidence interval was Ϯ0.033 mm (mean Ϯ SD difference between repeated measures, 0.0 Ϯ 0.017 mm). Marmosets were anesthetized before refractometry and ultrasonography for tractability with a mixture of alphadolone acetate and alphaxalone (Saffan; Pittman-Moore, Harefield, UK).
RESULTS
Considering all the marmosets in this study together, regardless of age, form deprivation by diffusers produced significant myopia in the experimental eyes at the end of the deprivation period (experimental versus control, mean Ϯ SD: Ϫ2.8 Ϯ 4.8 Dividing the experimental animals into the three groups based on the age of onset of the deprivation revealed significantly different degrees of axial myopia induced by the diffusers. Figure 3 shows the mean interocular difference in refractive error and vitreous chamber depth at the end of deprivation. There was significantly greater axial myopia (ANOVA, P Ͻ 0.01) in group 1 (mean Ϯ SD: refractions Ϫ8.25 Ϯ 2.83 D; vitreous chamber depth 0.332 Ϯ 0.124 mm) than in either group 2 (Ϫ0.4 Ϯ 4.4 D, 0.048 Ϯ 0.238 mm) or group 3 (Ϫ1.20 Ϯ 02.2 D; 0.032 Ϯ 0.080 mm). In group 1, corneal curvature was slightly, but significantly, steeper in the experimental eye at the end of deprivation (mean experimental minus control difference in corneal curvature, Ϫ0.077 Ϯ 0.06; paired t-test, P Ͻ 0.05). This effect, which accounts for approximately 2.4 D of refractive change, was transient and was not observed with subsequent measures during the period after the end of deprivation. There were no significant changes in the average corneal curvature of the experimental eyes in the other age groups. Statistically significant changes in choroidal thickness in the experimental eyes relative to the control eye were not detected in any of the groups at the end of deprivation or in the period thereafter.
The differences in the magnitude of the responses were due in large part to qualitatively different responses to form deprivation. Specifically, we found that not all marmosets responded to form deprivation with an increase in vitreous chamber depth and myopia. Measures taken after the end of the deprivation period showed several different responses that we categorized as either (1) axial elongation and myopia, (2) no response, (3) delayed-onset axial myopia (axial elongation and myopia were not apparent at the end of deprivation but were observed after the deprivation was discontinued), or (4) reduced axial growth and hyperopia (for examples, see Fig. 4 ). In Table 1 the different responses observed in each of the three groups are tallied. The response to form deprivation was qualitatively more variable in groups 2 and 3 than in group 1. Note that all animals in group 1 (in which form deprivation started before 39 days of age) responded with axial myopia. In groups 2 and 3, only half of the animals in each group responded with axial myopia. We quantified the different effects of form deprivation by sorting the individuals by response without regard to age. The mean and individual refractive errors and vitreous chamber depths are shown for each response category in Figure 5 .
Axial myopia relative to the control eye was the most frequently observed response (n ϭ 15, mean interocular difference Ϯ SD: vitreous chamber depth 0.232 Ϯ 0.149 mm, refractive error Ϫ5.25 Ϯ 3.24 D). In this group, we also observed slight, but significant, corneal steepening (interocular difference in corneal curvature, Ϫ0.044 Ϯ 0.05; paired t-test, P Ͻ 0.01) that accounts for approximately 1.4 D of refractive change.
Four animals failed to respond in a clear way (defined as a change in vitreous chamber depth with a corresponding change in refractive error) and are referred to as nonresponders in Table 1 . In these animals, the mean interocular difference in vitreous chamber depth (0.0 Ϯ 0.03 mm), refractive error (Ϫ0.7 Ϯ 1.83), and corneal curvature (Ϫ0.012 Ϯ 0.04) were all within resolution limits.
There was one animal that showed a delayed increase in vitreous chamber depth and myopia after a transient increase in vitreous chamber depth and myopia during the period of deprivation (see Fig. 4B ) and is referred to as a delayed-onset myope in Table 1 . At the end of deprivation the vitreous chamber of the experimental eye was 43 m shallower and the refraction 1.86 D more hyperopic than in the control. This hyperopia appears to be an underestimate, as the cornea of the experimental eye was also found to be 0.09 mm flatter (about 2.7 D more myopic) than the control eye at the end of deprivation. In the period after the end of deprivation, the corneal flattening appears to have largely resolved (mean interocular difference, 0.031). During that same period the vitreous chamber depth increased and refraction shifted toward myopia in the experimental eye. By 106 days after the end of deprivation, the experimental eye had become 0.20 mm longer than the control eye, and the refraction had shifted 3.1 D toward a relative myopia of Ϫ1.24 D.
There were four animals that responded to form deprivation with reduced vitreous chamber depth (Ϫ0.178 Ϯ 0.160 mm) and corresponding hyperopia (ϩ4.27 Ϯ 2.3 D) relative to the control eyes. There was no detectable change in the corneal curvature of the experimental eyes of these animals relative to their control eyes either at the end of deprivation or in the period after the end of deprivation.
For those animals that responded to form deprivation with myopia (n ϭ 15), we examined the amount of axial elongation and myopia induced and found that they differed as a function of age (see Figs. 6, 7) . The mean amount of axial elongation and myopia induced relative to the contralateral control eye at the end of deprivation was significantly greater (ANOVA, P Ͻ 0.01) in group 1 (0.332 Ϯ 0.124 mm, Ϫ8.25 Ϯ 2.83 D) compared with either group 2 (0.231 Ϯ 0.130 mm, Ϫ3.5 Ϯ 1.8 D) or group 3 (0.084 Ϯ 0.082 mm, Ϫ3.0 Ϯ 1.1 D). Normalizing the induced changes for treatment period did not reduce the differences between the experimental groups. Analysis of variance by group was The number of animals recovering from form deprivation myopia is also presented. Several animals were not followed up after the end of the deprivation, and recovery data were not available for them. still significant for the rate of change in vitreous chamber depth (P Ͻ 0.01) and rate of refractive change (P Ͻ 0.01). There were no significant changes in the corneal curvature or choroid thickness of the experimental eye relative to the control eye in any of the groups. For all animals that responded with myopia, the age of deprivation onset correlated significantly (P Ͻ 0.05) with the relative amount of myopia (r ϭ 0.534) and vitreous chamber elongation (r ϭ 0.619) observed at the end of deprivation. Linear regressions show that the amount of axial myopia induced is inversely proportional to the age of onset (Fig. 7) .
We examined the ability of the eyes to recover from formdeprivation-induced axial myopia. In 12 of the animals that responded to diffuser-induced deprivation with axial myopia, we tracked refractions and vitreous chamber depth after the end of deprivation (data from three animals were unavailable for analysis of recovery, because they were killed for biochem-FIGURE 6. The effects of diffuser-induced form deprivation grouped by age of onset for those animals that responded with axial myopia. The plot and symbols are as described in Figure 3 . There was a significant reduction in the experimentally induced increase in vitreous chamber depth and myopia with age (ANOVA, P Ͻ 0.01).
FIGURE 5.
Categories of qualitatively different responses to form deprivation diffusers. The plot and symbols are as described in Figure 3 . The four categories of response observed were: (1) Axial myopia: the myopia in the experimental eye was apparent and the eye was longer than the contralateral control eye at the end of deprivation. (2) No response: no clear change in refraction with an associated change in vitreous chamber depth in the experimental eye was observed at the end of deprivation or during the period afterward. In the subject marked with the asterisk there was myopia relative to the control eye but no difference in vitreous chamber depth. The myopia was due to a small amount of corneal steepening in the deprived eye equal to approximately 2.2 D (0.07-mm steeper base curve relative to the control eye). In the subject indicated by a dot within the circle, the vitreous chamber of the experimental eye was slightly longer than the control (43 m), but there was no discernible refractive difference between the eyes. There was no obvious difference in corneal curvature in this subject. (3) Delayed myopia: axial myopia was not present at the end of deprivation, but developed in the period afterward. There was only one animal in the present study that exhibited this pattern (see Fig. 4B ). (F) The increased depth of the vitreous chamber and myopia observed 103 days after the end of form deprivation. (4) Axial hyperopia: in four subjects at the end of deprivation, there was relative hyperopia in the experimental eye, and the vitreous chambers were shorter than in the control eyes. istry at the end of deprivation). Of the 12, 6 animals recovered after the end of deprivation (see Table 1 ). Recovery was observed only in animals from groups 1 and 2 (3/4 animals in group 1 and 3/4 animals in group 2), but there was an insufficient number to determine statistically whether there was an age effect. The development and recovery from form deprivation myopia in the six animals examined are shown in Figure 8 . When all six animals are considered together, the recovery in refractive state is clearly related to a change in vitreous chamber depth after the end of deprivation. In Figure 9 , the change in refraction and vitreous chamber depth relative to control eyes during deprivation is compared with the change after deprivation ended. Refractive error shifted significantly toward myopia during deprivation and toward hyperopia after (Ϫ5.2 Ϯ 2.4 vs. ϩ2.8 Ϯ 1.0 D; paired t-test, P Ͻ 0.01). Vitreous chamber growth shifts significantly from increasing depth during the period of deprivation to a reduction in depth during the period after (0.234 Ϯ 0.125 mm vs. Ϫ0.120 Ϯ 0.067 mm; paired t-test, P Ͻ 0.01). Changes in corneal curvature did not contribute to the recovery, nor were significant changes in choroidal thickness observed. Furthermore, in the six myopes that did not recover, the corneal curvature of the experimental eyes were not significantly different from the control eyes, ruling out the possibility that a change in corneal curvature was responsible for the persistence of the myopia in these animals.
DISCUSSION
Recent studies of experimental myopia have shown that mature animals in a variety of species are susceptible to experimental visual manipulations, but with a reduced response. 18, 19, [33] [34] [35] The reduced responses compared with those in neonates may be due to structural limitations related to the larger size of more mature eyes, but possibly also to an agerelated reduction in the visually guided eye-growth controller's sensitivity, gain, or both. The fact that mature eyes do respond, however, to experimental manipulations known to induce axial elongation and myopia in neonates suggests that visual experience can affect eye size and refractive state throughout life and may contribute to the development of late-onset axial myopia in humans. 36, 37 In this study, we examined the effects of visual form deprivation by diffusers on eye growth and refraction in marmosets at several ages corresponding to different rates of ocular growth. We report not only reduced form deprivation myopia in older animals with normally slower growth rates, but we found and characterize several other possible responses to form deprivation and suggest that their manifestations are also age dependent and related to the maturation of the eye and visual system.
In general, the majority of marmosets in this study were found to be susceptible to form deprivation myopia produced by occlusion throughout the first 200 days of life (roughly equivalent to the time from birth to adolescence in human children), but the responses at the older ages are diminished and variable. Among the animals in our older groups that failed to respond to form deprivation with consistent axial myopia, in one animal myopia developed in the period after the end of deprivation, and in some hyperopia developed that was related to reduced vitreous chamber growth. Several others did not show any appreciable change in eye growth or refraction. All the refractive changes observed in all groups appear to be accounted for mainly by induced changes in ocular axial length, specifically vitreous chamber depth. Although corneal changes contributed to some of the observed refractive changes, as noted in the myopes and in some individual cases, the effects appear to be relatively minor.
Delayed myopia in response to form deprivation has been observed before in tree shrews, 17 marmosets, 13 and macaques, 15 sometimes after an early transient response of axial hyperopia. In our subject with delayed-onset myopia, transient axial hyperopia with some corneal flattening was also observed. Of note, and unlike anything reported earlier, our animal initially exhibited vitreous chamber elongation and myopia during deprivation before presenting with axial hyperopia at the end of deprivation and subsequently returning to axial myopia. The cause of these changing responses in the relative growth and refraction of the experimental eye are unclear, but presumably they reflect an initial disruption of that subject's eye-growth controller under the visually open-loop conditions of form deprivation. The axial myopia ultimately exhibited after the end of deprivation may be compensation for the hyperopia observed immediately after deprivation. The cause of this persistent myopia is also unclear, but it may be for the same reason that some primates fail to recover from form deprivation myopia 13 and may reflect a reduction in the ability of some eyes to regulate growth rate after periods of abnormal visual experience. 38 Another response to form deprivation by diffusers that has not been reported was the persistent axial hyperopia observed in several of the marmosets in the older age groups. Smith and Hung 15 reported transient axial hyperopia in primates reared with diffusers, but these eyes quickly returned to control levels after deprivation ended. Reductions in axial length and hyperopia after lid suturing have been reported in cats 39 and pri- mates, 11, 40 but a mechanical effect on the cornea that contributed to the hyperopia was observed and may have influenced the axial growth of the eye in some way. Evidence that such a mechanical effect can influence the growth of the eye and refractive state comes from studies using contact lenses for optical defocus or form deprivation. [41] [42] [43] In the present study, the animals exhibiting axial hyperopia showed no such corneal change, suggesting that their response to the diffusers is related instead to the visual processing of form deprivation. It is also possible that the ocular growth response observed in these animals was secondary to deprivation-induced changes in the central visual system. Central visual system influences on eye growth and refractive development have been suggested by findings in studies of the effects of induced amblyopia on refractive state. 38, 44 Although the ocular growth response to form deprivation provides hints as to the nature of the eye-growth controller, compensation for imposed refractive errors is a more direct means of studying visual feedback control. Recovery from form deprivation myopia in chicks 1,3 and tree shrews 25 has been suggested as evidence for the existence of feedback control of ocular growth. However, in earlier studies of lid-suture-induced form deprivation myopia in primates, recovery did not occur. 13, 18, 23, 45 Because compensation to lens-induced retinal defocus has been established in primates 4, 5 and recovery from lens-induced myopia shown, 26 it seems likely that the lack of recovery is related to the severity of the deprivation or possibly the lid-suturing procedure itself. In this study, and a recent study in macaques, 24 recovery from diffuser-induced form deprivation myopia was in fact observed. In the present study, some degree of recovery from myopia was observed in age groups 1 and 2, although not in all animals. We cannot at present explain why some animals failed to recover, but we rule out an optical effect from mechanically changed corneas and speculate that this apparent loss of growth regulation is because of deprivation-induced changes in the visual system. These data generally support the existence of visual regulation of eye growth across a range of ages, but also emphasize the intersubject variability in response to visual manipulations.
This study supports the hypothesis that the normal developmental growth of the eye and maturation of the visual system affect the response to form deprivation and perhaps the visual control of emmetropization. Considering separately the animals that responded to form deprivation with axial myopia shows that the amount of vitreous chamber elongation and myopia observed is inversely proportional to the age of onset of the deprivation. We speculate that this may be because, as the eye grows larger, the ability to respond to visual signals that elicit growth in young animals diminishes because the default growth rate that is unmasked by the open-loop condition of form deprivation is reduced. The qualitatively different responses to form deprivation exhibited by some more mature animals suggest that after the rapid eye growth of infancy has slowed, the disruptive effect of form deprivation, although still present, causes different responses, depending on the state of the default growth rate under open-loop conditions. Relative change in refractive error and vitreous chamber depth in eyes undergoing form deprivation myopia followed by recovery after deprivation was discontinued. The relative change during deprivation or the period after the deprivation is shown for the interocular difference (experimental eye minus control eye, f; individual subjects, E) for refractive state (top) and vitreous chamber depth (bottom). Points above 0 for refraction indicate experimental eyes becoming relatively more hyperopic than their control eyes. Points below 0 for vitreous chamber depth indicate experimental eyes with decreasing growth relative to control eyes.
